Investigating the cellular processes underlying tendon healing can allow researchers to improve long-term outcomes after injury. However, conducting meaningful studies to uncover the injury healing mechanism at cellular and molecular levels remains challenging. This is due to the inherent difficulty in isolating, culturing, and expanding sufficient primary tenocytes, due to their limited proliferative capacity and short lifespan. In this study, we sought to establish a novel line of immortalized mouse Achilles tenocytes (iMATs) with primary tenocyte properties, but increased proliferative capacity suitable for extensive in vitro experimentation. We show that isolated primary mouse Achilles tenocytes (pMATs) can be effectively immortalized using a piggyBac transposon expressing SV40 large T antigen flanked by FLP recombination target site (FRT). The resulting iMATs exhibit markedly greater proliferation and survival, which can be reversed with FLP recombinase. Furthermore, iMATs express the same set of tendon-specific markers as that of primary cells, although in lower levels, and respond similarly to exogenous stimulation with bone morphogenetic protein 13 (BMP13) as has been previously reported with pMATs. Taken together, our results suggest that iMATs acquire long-term proliferative capacity while maintaining tenogenic properties. We believe that iMATs are a suitable model for studying not only the native cellular processes involved in injury and healing, but also potential therapeutic agents that may augment the stability of tendon repair.
Introduction
L ong-term, stable repair of tendon injuries remains a considerable challenge, especially in cases involving reinjury and/or reoperation. 1 As such, gaining a better understanding of tendon repair mechanisms can have considerable implications for developing regenerative therapies and improving clinical outcomes. Researchers have established the mouse Achilles tendon as suitable in vivo and ex vivo mechanical model for simulating human injuries, but studying subsequent repair processes at the molecular level can be challenging due to the inherent hypocellularity of the tissue. [2] [3] [4] [5] [6] [7] Therefore, obtaining precise insight into injury response requires studying tendon cells (tenocytes) in vitro, where extracellular conditions are tightly controlled and gene expression levels can be accurately assessed at specific time points. 8, 9 In the past, mouse and rat tenocytes have been characterized by expression of type I and type III collagen, fibronectin 1, tenomodulin, scleraxis, and tenascin-C. [10] [11] [12] [13] A recent study by Lamplot et al. also found that bone morphogenetic protein 13 (BMP13) upregulates some of these genes and subsequently augments early tendon healing in a rat model. 14 However, tenocytes are difficult to isolate from tissue and subsequently maintain in culture, proliferating slowly and often failing to survive for more than a few generations. Obtaining and expanding the cells necessary for conducting meaningful studies is often not feasible. 11, 15 Thus, there is a need to develop a suitable cell line with rapid and long-term proliferative potential while maintaining original tenogenic properties. One approach for creating such a model is by conditional or reversible immortalization of primary cells, often through the expression of an oncogene or inactivation of a tumor suppressor. 16 One of the most commonly used oncogenes is the SV40 large T antigen (LTA), stimulating robust proliferation without altering native characteristics. 17 In the past, a retroviral vector has been used to express the gene, but with low immortalization efficiency. [18] [19] [20] [21] The piggyBac transposon system has recently emerged as a promising nonviral alternative. Originally isolated from the cabbage looper moth Trichoplusiani, this transposon is capable of introducing transgenes into a mammalian host cell with great efficiency. [21] [22] [23] The piggyBac system is comprised of a donor plasmid, carrying the gene of interest flanked by two terminal repeat domains (transposon), and a helper plasmid with the transposase that catalyzes movement of the genetic element. 24 Our laboratory engineered the piggyBac-based immortalization vector MPH86 expressing SV40, flanked with a FLP recombinase recognition target (FRT) site for removal, and a hygromycin drug selection marker. We have also previously shown that this system is effective for mouse embryonic fibroblasts. 20 In this study, we aim to use this vector to immortalized mouse Achilles tenocytes (iMATs), hoping to create a novel cell line suitable for extensive in vitro experimentation that is comparable to primary mouse Achilles tenocytes (pMATs) in both endogenous and induced gene expression. We also show that the process is reversible, demonstrating the considerable value of using these cells for important basic and translational studies involving tendon healing.
Materials and Methods

Cell culture and chemicals
Human HEK-293 cells and mouse NIH/3T3 cells were obtained from ATCC (Manassas, VA). Both lines were maintained in complete Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 100 units/mL penicillin, and 100 mg/mL streptomycin at 37°C in 5% CO 2 . The recently engineered 293pTP line was used for adenovirus amplification. 25 Unless indicated otherwise, all chemicals were purchased from either Sigma-Aldrich (St. Louis, MO) or Thermo Fisher Scientific (Pittsburgh, PA).
Isolation of tenocytes
The use and care of animals for this study was approved and overseen by the Institutional Animal Care and Use Committee. Tenocytes were isolated from the Achilles tendon of 4-weekold CD-1 mice. The Achilles tendon was first transected distal to the musculotendinous junction and then transected proximal to its bony insertion at the calcaneus. The tendon sheath and surrounding paratenon were stripped off. The tendons were minced into small pieces and digested in phosphatebuffered saline (PBS) with 1% penicillin-streptomycin solution with 4 mg/mL collagenase type I (Roche, Basel, Switzerland) for 2 h. pMATs were isolated through centrifugation at 1500 g for 5 min and then plated in six-well plates with complete DMEM (Cellgro, Manassas, VA) supplemented with 10% FBS (Sigma-Aldrich). Cells were incubated at 37°C, 95% humidified air, and 5% CO 2 . Colonies were visible at 3 days, and at 7 days, pMATs were passaged by enzymatic digestion (0.1% trypsin [Sigma-Aldrich]) into 25-cm 2 flasks containing DMEM supplemented with 10% FBS. The passage numbers of cell lines used in assays are specified in the following sections of this article as ''P#.''
Immortalization of tenocytes
Cells were immortalized as previously described. 20, 21, 23 Briefly, early passage pMATs (P1) were seeded in 25 
Recombinant adenovirus construction and cell treatment
Recombinant adenoviruses were generated using the AdEasy technology as previously described. 27 Briefly, the coding regions of human BMP13 and FLP recombinase were PCR amplified and subcloned into adenoviral shuttle vectors and subsequently used to generate recombinant adenoviruses in HEK293 cells, resulting in adenoviruses AdBMP13 and AdFLP, both of which also express green fluorescence protein (GFP) as a marker for monitoring infection efficiency. An analogous control adenovirus expressing GFP and RFP (AdGRFP) was previously constructed and used as a negative control. [28] [29] [30] As necessary, recombinant adenoviruses were amplified using HEK-293pTP cells as described. 25, 27 Subconfluent cells (usually at 30% density, e.g., 8 · 10 4 cells/well for 24-well plates, or 1 · 10 6 cells per 25-cm 2 flask) were treated with adenovirus and 4 mg/mL polybrene to improve infection efficiency. 30 Equal infection efficiency of cells across viruses was achieved by dose titration and comparing the fluorescence signal at 24 h.
Cell proliferation WST-1 assay
Subconfluent iMATs (P3) and pMATs (P2) were plated at equal density (at 1.5 · 10 4 cells/well) into 96-well plates. Wells without cells were used as background controls. At the indicated time points, 4 mL of premixed WST-1 (BD Clontech, Mountain View, CA) was added to each well and incubated at 37°C for 1 h. After 2 min of vigorous mixing, an absorbance reading of each well was taken at 440 nm using a plate reader. The obtained A440 nm values were subjected to background reading subtractions. Each assay condition was done in triplicate.
Crystal violet cell proliferation assay
Subconfluent cells (iMAT P3, and pMAT P2) were seeded at equal density (1.5 · 10 5 cells/well) in 12-well plates and simultaneously infected with adenovirus (if applicable). For wells with adenovirus, media were changed at 24 h to prevent viral lysate toxicity. Cells were subjected to crystal violet staining for 30 min at the indicated time points. Each assay condition was done in triplicate. Pictures of representative wells were taken.
Trypan blue cell counting assay
Subconfluent iMATs (P3) and pMATs (P2) were seeded at equal density (1.5 · 10 5 cells/well) in 12-well plates, with three wells for each time point. Cells were visualized using light microscopy, trypsinized, and stained with Trypan Blue (Sigma-Aldrich). Unstained, viable cells were counted using a hemocytometer. Counts were averaged at each time point.
FACS analysis
After being seeded and maintained in 1% FBS serum for 24 h, subconfluent cells (iMAT P3, pMAT P2, at 3 · 10 5 cells/ well in six-well plates) were harvested by forceful pipetting, washed with PBS, and stained with Hoechst 33342 (Life Technologies). Cell cycles were analyzed using the BD LSR II Flow Cytometer and the FlowJo software (FlowJo, Ashland, OR).
RNA isolation and quantitative polymerase chain reaction
After seeding (at 1 · 10 6 cells per 25-cm 2 flask) and maintaining cells in 1% FBS serum for 24 h, total RNA was isolated using the TRIzol Reagent (Invitrogen; Life Technologies) and 5-10 mg total RNA for each sample were subjected to reverse transcription reaction with hexamer and M-MuLV Reverse Transcriptase (New England Biolabs, Ipswich, MA) as described. 31 The cDNA products were diluted 10-to 50-fold and used as PCR templates. The integrity of the diluted cDNA products was confirmed using Bio-Rad RNA Quality Assays (RQ1 and RQ2) (Hercules, CA), as per assay manufacturer's guidelines, a cycle threshold difference of less than three between forward and reverse primer reactions was indicative of high-integrity RNA. 31 Touchdown quantitative polymerase chain reaction (TqPCR) was carried out using mouse gene-specific primers (Table 1) . Transcripts were designed by using Primer3 Plus program (www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) to amplify the genes of interest. Reactions were carried out using the Bio-Rad CFX-Connect machine, with 2· SsoFast qPCR Supermix with EvaGreen (Bio-Rad) or iTaq Universal SYBR Green Supermix (Bio-Rad), in triplicate using the following conditions: 95°C · 3" for one cycle; 95°C · 20", 66°C · 10", for four cycles by decreasing 3°C per cycle; 95°C · 20", 55°C · 10", 70°C · 1", followed by a plate read, for 40 cycles. All samples were normalized to the expression level of GAPDH.
Statistical analysis
Excel (Microsoft, Redmond, WA) was used to calculate mean values and statistically significant differences between samples using the Student's t-test. A p-value of less than 0.05 was considered statistically significant. To test for normal distribution of our input data, we performed D'AgostinoPearson omnibus normality tests. All quantitative data sets passed the normality tests.
Results pMATs are effectively immortalized using SV40 LTA and demonstrate increased proliferative capacity
In this study, we isolated tenocytes from the Achilles tendons of 4-week-old CD1 mice (Fig. 1A) . The isolated pMATs were able to proliferate in culture, although slowly, and the morphology of cells is shown at day 7 (Fig. 1B) . To obtain an immortalized cell line, we utilized the piggyBac vector (pMPH86) that expresses SV40 LTA flanked with FLP recombinase (FLP) recognition sites (Fig. 1C) . We previously used this system to successfully obtain reversibly immortalized MEFs (piMEFs). 20 Even after multiple passages, iMATs maintained a similar morphological phenotype to the freshly isolated pMATs, indicating that the immortalization process did not significantly change the morphological phenotypes ( Fig. 2A) . However, after just a few passages, the pMATs were noted to have significant changes in morphology, including a flattened appearance and increased cytoplasmic-to-nuclear ratio, indicating poor health ( Fig. 2A) . In fact, pMATs did not survive in culture beyond three passages (roughly 2 weeks between passages). In contrast, iMATs have been passaged for more than 30 generations and retain original morphology, indicating that we successfully immortalized MATs.
We next compared the proliferative activity of pMATs and iMATs. Using light microscopy, it was clear that iMATs proliferated much faster than pMATs, with differences in cell density apparent as early as 24 h (Fig. 2B) . Furthermore, this increased proliferative capacity was preserved over numerous iMAT passages (Fig. 2B) . Direct cell counting using Trypan Blue staining further showed that iMATs grew faster than pMATs (Fig. 3A) . Likewise, iMATs exhibited a higher proliferation rate than pMATs in the quantitative WST-1 assay after pMATs and iMATs were seeded at the same low density (Fig. 3B) . Crystal violet staining indicated that iMATs reached confluence by day 3 while pMATs failed to reach confluence over 7 days, when both started with a similar cell density (Fig. 3C) . Finally, flow cytometry analysis indicated that the iMAT population had a greater percentage of cells in the S or G2 phases of the cell cycle ( p = 0.0053), explaining the increased proliferation rates seen in the above assays (Fig. 3D) . Taken together, these results demonstrate that immortalized MATs proliferate considerably faster than pMATs.
FLP removal of large T antigen from iMATs significantly reduces cell survival and proliferation
We tested if the immortalized phenotype of iMATs couldbe reversed by introducing FLP recombinase. To efficiently deliver FLP, we used a recombinant adenovirus that expresses the recombinase. 20 We demonstrated effective and equal infection of iMATs using the adenoviral vectors AdFLP and AdGRFP (negative control) (Fig. 4A) . When the RNA from the FLP-transduced iMAT cells was subjected to reverse transcription PCR and subsequent TqPCR analysis, the expression of SV40 T antigen was significantly reduced compared to control cells ( p < 0.05) (Fig. 4B) . Furthermore, we found that FLP-mediated removal of the SV40 LTA significantly reduced the survival and proliferation as assessed by crystal violet staining qualitatively and quantitatively ( p < 0.05 at all time points after day 1) (Fig. 4C) . Flow cytometry analysis of cells expressing GFP revealed that at 72 h, cells infected with FLP had a greater proportion of cells in the G1 phase (20.09% compared to 5.66% of GRFP) and fewer cells in the S/G2 phases (76.11% compared to 85.04% of GRFP), explaining the striking differences seen in cell proliferation activity (Fig. 4D) . Thus, our results strongly suggest that the immortalization phenotype of the iMATs may be reversed by the introduction of FLP recombinase with notable effects on cell cycling. It is noteworthy that FLP recombinase exhibited a varied efficiency in removing the SV40 LTA from iMATs. This was evidenced by the presence of quantifiable FLP cDNA in transduced cells, while little to no change in SV40 T antigen expression (although we did not know the stability of the SV40 T transcript [data not shown]). Nonetheless, we observed that removal of SV40 T antigen in the FLP wellexpressed subpopulation resulted in rapid cell death. This was seen with a sharp decline in the number of green Touchdown qPCR (TqPCR) shows that iMATs express the same tendon-specific genes as pMATs, although in lower levels due to the less differentiated nature of immortalized cells. These genes include collagen type I alpha 1, collagen type III alpha 1, fibronectin 1, scleraxis, tenascin-C, and tenomodulin. iMAT expression level is set to 1 in all plots, and error bars do not cross zero. (B) Changes in iMAT endogenous gene expression after infection with FLP recombinase and GRFP. Twenty-four hours after infection with adenovirus, RNA was isolated from iMATs, subjected to reverse transcription, and analyzed using TqPCR. When immortalization is reversed using FLP, expression of tendon-specific markers, scleraxis, tenascin-C, and tenomodulin, is partially reverted to higher levels when compared to AdGRFP infection. NIH/3T3 cells were used as a control group, demonstrating that iMAT cells are closer to pMAT cells in identity based on expression levels of these tendon-specific genes. Color images available online at www.liebertpub .com/tec fluorescent cells in the FLP group compared to the GRFP group over the first few days after infection (data not shown). We addressed this issue by isolating RNA promptly after FLP transfection, at around 24 h, when SV40 T antigen expression would have been decreased, but cell death was yet to occur.
iMATs express tenocyte markers
We compared the expression of tenogenic markers in pMATs (P2) and iMATs (P5). While no single marker can be used to identify tenocytes, some of the reported genes include collagen type I, collagen type III, fibronectin 1, scleraxis, tenascin-C, and tenomodulin. We found that all of these markers were readily detectable in iMATs by TqPCR analysis, but expression levels were lower than those observed in pMATs (Fig. 5A) . Furthermore, we compared the expression levels of these same markers between early and late iMAT passages, with no significant differences seen (data not shown). Compared to control 3T3 fibroblast cells, iMATs showed higher expression of collagen type III, scleraxis, and tenomodulin, all of which are highly specific to tendon cells (Fig. 5B) . Thus, these results demonstrate that iMATs express all of the common tenocyte markers, although at lower levels, suggesting that they may retain tenogenic properties.
To demonstrate that these relative differences in endogenous gene expression were transient, we performed TqPCR analysis on cells before and after FLP recombinase transduction. As expected, we found that iMATs (P7) treated with AdFLP demonstrated increased expression levels of tenascin-C and tenomodulin compared to both untreated and AdGRFP-treated iMATs (Fig. 5B) . A similar trend was also observed for both collagen type I and collagen type III, although the differences between FLP-and GRFP-infected cells were less apparent (data not shown). Overall, it appears that changes in native gene expression levels caused by the immortalization process can be partially reversed.
iMATs respond to exogenous stimulation as expected
To further characterize the tenogenic properties of the immortalized cells, we assessed whether iMATs respond to exogenous stimulation as has been previously reported using pMATs. 14 We infected iMATs (P8) with AdBMP13 and analyzed the resulting changes in gene expression for collagen type III, fibronectin 1, scleraxis, and tenascin-C. When compared to a GRFP control with equal infection efficiency, AdBMP13 upregulated the expression of collagen type III ( p = 0.0004), fibronectin 1 ( p = 0.0003), scleraxis ( p = 0.0006), and tenascin-C ( p = 0.0001) (Fig. 6) . In contrast, 3T3 fibroblast cells stimulated with BMP13 did not result in a similar upregulation of all four aforementioned genes (data not shown). This indicates that iMATs respond in a similar manner to exogenous stimulation as pMATs, reinforcing that the immortalized cells retain native tendon cell characteristics.
Discussion
Tenocytes have been valuable to study in culture, but with significant experimental limitations due to their slow At 72 h after infection with AdBMP13 or AdGRFP, RNA was isolated from iMATs, subjected to reverse transcription, and analyzed using TqPCR. Collagen type III alpha 1, fibronectin 1, scleraxis, and tenascin-C were all upregulated in the BMP13 group compared to GRFP control (n = 3, *p < 0.001), as has been previously observed with primary MATs.
14 Color images available online at www.liebertpub.com/tec growth, short lifespan, and difficulty being isolated from tissue. 11 Developing a novel tenocyte model with increased proliferative capacity can help researchers gain more insight into the molecular underpinnings of tendon healing. Such a cell line would not only have vast implications for investigating native cellular processes occurring in response to injury, but also for testing novel therapeutics with clinical applications. Therefore, in this study, we sought to iMATs using the SV40 LTA and piggyBac expression system. We succeeded in not only creating a cell line with robust growth in culture over numerous generations, but also demonstrated that this phenotype is reversible through the use of FLP recombinase. Finally, gene expression analysis has shown that immortalized tenocytes express the same tenogenic markers as primary cells, although in lower levels, and demonstrate a similar response to exogenous stimulation.
We have previously reported that the piggyBac system is an attractive option for carrying out immortalization when compared to other protocols, such as retroviral vectors. 20 To summarize, this transposon system allows for packaging of larger cargo up to 100 kb, higher efficiency using liposomebased transfection, delivery of multiple copies of the vector resulting in high transgene expression levels, and greater integration specificity for regions surrounding transcriptional start sites (i.e., integration is less random). 21, 22, 32 Finally, the immortalization process has the potential to be completely reversible and leave behind no footprints. 33, 34 Nonetheless, we experienced certain technical dilemmas using FLP recombinase (FLP) to effectively reverse the immortalization phenotype. On one hand, we found that FLP appears to have low efficiency in removing the SV40 LTA from the overall populations of iMATs, as demonstrated by qPCR analysis confirming the presence of FLP cDNA, but a negligible change in SV40 expression. On the other hand, the immortalized cells appear to be so dependent on SV40 T antigen expression that removal of T antigen resulted in rather rapid cell death, which may also account for our inability to demonstrate the reversibility of the immortalized cells. It has been well documented that either FLP and/or Cre recombinase exhibit significantly variable excision efficiency, which may be largely dependent on their genomic integration sites and accessibility of the recombinases. We are currently developing a comprehensive strategy to accomplish more effective reversibility by using adenoviral vectors to express siRNAs that silence SV40 T antigen expression 26 and/or an integrationdefective mutant piggyBac transposase, 34 in addition to the use of FLP recombinase. It is conceivable that this combinatorial approach would enable us to reverse the immortalization phenotype with high efficiency.
Despite the current technical limitation, our novel cell line remains a promising model for studying tenocytes in culture. We were able to definitively show that, even in the presence of SV40 T antigen expression, iMATs express the same set of tendon-specific markers as primary cells, although at lower levels. This may be expected since immortalized cells exhibit high proliferative activity and are less differentiated when compared to the slow-growing, terminally differentiated primary cells. 35 Nonetheless, we demonstrated that FLP recombinase-based removal of SV40 did partially revert gene expression levels to those observed in pMATs. Furthermore, we have shown that BMP13 stimulation of iMATs results in upregulation of the same genes involved in early tendon healing as reported in another work that studied primary tenocytes.
14 This is critically important, since the appeal of working with such a model is being able to equivocate any results to those expected of native cells.
In conclusion, we have demonstrated that reversibly iMATs show long-term proliferative capacity while retaining native tenogenic properties. Additionally, FLP recombinase may potentially serve as a tool to reverse the immortalization phenotype. iMATs express tenocyte-specific markers and further show upregulation of tendon-healing makers when stimulated with BMP13, as has been previously shown using primary tenocytes. Taken together, these findings support the use of this novel cell line for studying the normal function and characteristics of tenocytes, molecular mechanisms underlying tendon injury and healing, and the use of biofactors or synthetic agents to augment tendon repair.
